OBJECTIVE: To systematically examine human papillomavirus (HPV) genotyping compared with qualitative high-risk HPV result during follow-up after treatment of high-grade cervical intraepithelial neoplasia (CIN), for risk estimation of posttreatment high-grade CIN. DATA SOURCES: MEDLINE, Cochrane, and Clinical-Trials.gov were searched from January 2000 to April 2019 for prospective studies of women and retrospective studies of residual specimens from women, tested using HPV assays with genotype reporting.
A fter treatment of high-grade cervical intraepithelial neoplasia (CIN 2-3), by excision, ablation, or laser, 5-16% of women are diagnosed with posttreatment high-grade disease or cancer. 1, 2 A study of 3,273 women, aged 25 years or older, treated for CIN 2, CIN 3, or adenocarcinoma in situ reported follow-up results with CIN 2 or worse as the primary outcome. 2 Risk values varied by the antecedent screening results and the histopathology of the treated lesion. The 5-year risk for CIN 2 or worse was lower if the follow-up test results was negative: 4.2% after negative cytology, 3.7% after a negative qualitative high-risk human papillomavirus (HPV) test result, and 2.4% after negative cotesting results (cytology and HPV tests). Only after two negative cotest results was the 5-year risk for CIN 2 or worse (1.5%) approaching the 0.68% risk after a negative Pap test result that permits return to screening after 3 years. 2 Cytology, HPV assay, or both (cotesting) have been used to determine whether a cancer precursor cleared or persisted after a treatment procedure such as large loop excision of the transformation zone, loop electrosurgical excision procedure (LEEP), laser, cone, or cryotherapy. 3 Guidelines for followup after treatment of CIN 2-3 recommend cotesting at 4-6, 12, and 24 months after treatment of CIN 2-3 by excisional procedure. Guidelines for follow-up after treatment of adenocarcinoma in situ by excisional procedure recommend cotesting, colposcopy, and endocervical curettage after 4-6 months. The objectives of posttreatment follow-up testing are to confirm that the treatment was effective, to prevent invasive cancer, and to reassure women. It is a persistent high-risk HPV-induced lesion that places women at the highest risk for invasive cancers. Acquisition of a new infection of a different genotype confers a relatively low future risk, given the probability of clearance and the lengthy interval after HPV infection before the development of an invasive cancer.
A qualitative (pooled) HPV assay result is more sensitive than cytology for detection of CIN 2-3 after treatment, with equivalent specificity. [3] [4] [5] [6] [7] [8] A negative high-risk HPV assay result has a superior negative predictive value (NPV) compared with negative cytol-ogy or negative resection margins. 7, 9 Posttreatment negative cotesting would avert an additional 8.4 cases of CIN 3 or worse per 1,000 women-treated and reduce health care costs, compared with negative cytology alone. 10 Partial genotype reporting of HPV16 and HPV18 and the group of other 12 high-risk genotypes demonstrated effective risk discrimination compared with pooled qualitative reporting (unadjusted odds ratio 8.0; 95% CI 2.1-30.4) for posttreatment recurrence. 11 In addition, three retrospective cohort studies reported significantly different posttreatment CIN 2-3 or worse rates associated with an HPV 16 or 18 positive result at follow-up compared with a positive result for the other 12 HPV genotypes. [12] [13] [14] To individualize the posttreatment surveillance, which may reduce patient anxiety, cost, and occurrence of cervical cancer, better identification of women with relevant HPV genotype presence may be a benefit. Reporting a genotype that was present before the treatment permits the distinction between same-genotype persistence and a new infection. The purpose of this systematic review is to compare genotyping, (beyond partial), with pooled HPV testing for determination of risk for women after treatment for high-grade CIN.
The secondary research question parameters of population, intervention, comparator, and outcomes (PICO) was: (P) women who underwent excisional or ablative treatment for CIN 2 or worse, (I) genotyping as a component of cotesting, (C) pooled HPV result as a component of cotesting, (O) CIN 2 or worse persistence or recurrence or "treatment failure" after excisional or ablative treatment of CIN 2 or worse. Secondary outcomes include the sensitivity, specificity, positive predictive value (PPV), and NPV for CIN 2 or worse.
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SOURCES

MEDLINE, Cochrane
Database of Systematic Reviews, Health Technology Assessment, and ClinicalTrials.gov electronic databases were searched from January 2000 and April 2019. The study protocol was developed and the review performed in accordance with the PRISMA (Preferred Reporting Items for Systematic Reviews), 15 and the Institutes of Medicine Standards for Systematic Reviews. 16 No similar published systematic review was found and no similar study protocol was found. This study protocol was registered with PROSPERO in 2018 (PROSPERO: CRD42018091095). 17 The search string was: (HPV OR "human papillomavirus") AND (genotyp*) AND (cervical or cervix) AND (cancer OR *cancer OR carcinoma OR lesion* OR CIN OR "Cervical intraepithelial neoplasia" OR screening OR persistence OR "test of cure" OR test-of-cure)) in Title, Abstract, Keywords; Online Publication Date between January 2000 and April 2019.
STUDY SELECTION
All retrieved titles and abstracts were assessed for possible relevance by applying inclusion criteria (prospective controlled trials and observational studies of women and retrospective studies of residual specimens from women; patients were women who underwent excisional or ablative treatment for CIN 2 or worse, genotyping testing was done before and after the treatment, testing after treatment was at an interval of 6 months or greater, CIN 2 or worse persistence or recurrence or "treatment failure" after excisional or ablative treatment of CIN 2 or worse was reported) and exclusion criteria (full-text not available in English, only partial genotype reporting). Full-text review of the articles that passed abstract review was performed and data was extracted. Figure 1 reports the PRISMA flow diagram.
Data extraction tables were developed in Excel, piloted, and used for study characteristics and for risk estimates with 95% CIs. Additional analysis was performed using Minitab to generate receiver operator characteristic curves using binary logistic regression and to calculate area under the curve (AUC).
Risk of bias (individual study quality) was evaluated with a modified Newcastle-Ottawa Scale 18 that included six domains: selection (eligibility criteria, forming the cohort, selection of participants), detection (measurement of test result), outcome (assessment, length of follow-up), attrition (loss to follow-up), reporting (failure to adequately control confounding, failure to measure all known prognostic factors), and other bias. Summary assessment of risk of bias for individual studies, combining all authors' evaluations, was assessed as high, low, or unclear. Each author assessed the overall quality of evidence for the risk estimate outcomes (all included studies) using a modified GRADE (Grading of Recommendations, Assessment, Development and Evaluation) 19 methodology for observational diagnostic studies and included the summary assessment of risk of bias for the individual studies, indirectness, imprecision, inconsistency, publication bias, magnitude of effect, and whether all plausible confounders or other biases diminished confidence in the estimated effect. Summary levels of certainty, combining all authors' evaluations, were assessed as high, moderate, or low.
RESULTS
The search identified 233 unique abstracts: 200 did not meet inclusion criteria or met exclusion criteria, and 33 underwent full-text review. From this review, 26 studies were excluded for reasons listed in the PRISMA flow diagram in Figure 1 . Seven studies that reported genotyping results, compared with pooled HPV results, and the risk of CIN 2 or worse after treatment, were included in the data extraction and synthesis. [20] [21] [22] [23] [24] [25] [26] The seven studies had a combined population sample size of 1,543 patients ( Table 1) . Five of the studies were prospective observational, 20, 21, 23, 25, 26 specifically diagnostic accuracy cross-sectional studies 20, 21, 23, [25] [26] [27] ; one of the five was a post hoc analysis of patients enrolled in a clinical study. 25 Two of the studies were retrospective observational, 22, 24 specifi-cally diagnostic accuracy cross-sectional studies 27 ; one was a case-control study. 22 Of patients testing positive for HPV after treatment of CIN 2 or worse, the proportion of new infections ranged from 28-78%, with a mean and median of 50%; those with same-genotype persistence ranged from 23-72%, with a mean and median of 50% (Table 2) . [20] [21] [22] [23] [24] [25] [26] A prospective observational study analyzed the results for 90 women in Sweden who underwent large loop excision of the transformation zone treatment of CIN 2 or worse. Follow-up testing included cytology, qualitative HPV result, and genotype results ( Table 1 ). 14 (Table 3 and Fig. 2 ). The PPV of same-genotype persistence was statistically significantly greater than the PPV of new genotype infection. 21 A study of 98 women in Wales, treated for CIN 2 or worse by large loop excision of the transformation zone were evaluated before treatment and 6 months after treatment with cytology, qualitative HPV testing, and genotyping (Table 1) . 23 Genotyping before and after treatment revealed that 83% (95% CI 75.7-88.8) of HPV infections detected before treatment were cleared; 17% (95% CI 11.2-24.3) of patients had posttreatment positive qualitative HPV test results. Of the patients with a positive HPV result posttreatment, and 69% had a new HPV genotype infection, and 31% had same-genotype persistence. Posttreatment, qualitative HPV test results predicted CIN 2 or worse with sensitivity of 100% (95% CI 34.2-100), specificity 39.6 (95% CI 30.4-49.6), PPV 3.3% (95% CI 0.9-11.4), and NPV of 100% (95% CI 90.8-100). There were two cases out of 98 with posttreatment CIN 2 or worse and therefore sparse data for comparing pooled HPV results to genotyping. Same-genotype persistence results predicted CIN 2 or worse with sensitivity of 100% (95% CI 34.2-100), specificity 95% (95% CI 88.4-97.8), PPV 28.6% (95% CI 8.3-64.1), and NPV 100% (95% CI 94.9-100) ( Table 3 and Fig. 2 ). The specificity for same-genotype persistence was statistically significantly higher than the specificity for qualitative pooled HPV positivity. New HPV genotype infection results predicted CIN 2 or worse with sensitivity of 0% (95% CI 0-84.2), specificity 54.2% (95% CI 42.9-65.2), PPV 0%, and NPV 95.7% (95% CI 94.9-96.5). 23 A post hoc analysis of 347 women enrolled in the Guanacaste, Costa Rica Natural History Study cohort, who were treated for high-grade CIN reported pretreatment and posttreatment cytology, HPV, and genotyping results (Table 1) . 25 Of the 36 women with positive pooled HPV results, 50% had persistent, samegenotype infection, and 50% had a new infection. Posttreatment, qualitative HPV test results predicted CIN 2 or worse with sensitivity of 100% (95% CI 63.1-100), specificity 85.0 (95% CI 78.9-89.7), PPV 22.2% (95% CI 16.9-28.7), and NPV of 100%. Same-genotype persistence results predicted CIN 2 or worse with sensitivity of 100% (95% CI 63.1-100), specificity 94.6% (95% CI 90.3-97.4), PPV 44.4% (95% CI 30.5-59.4), and NPV 100% (Table 3 and Fig. 2) . The specificity and PPV for same-genotype persistence were statistically significantly higher than the specificity and PPV for qualitative pooled HPV positivity. No posttreatment disease was observed among women with new HPV infections during the follow-up period. New HPV genotype infection results predicted CIN 2 or worse with sensitivity of 0% (95% CI 0-36.9), specificity 90.3% (95% CI 85.1-94.1), PPV 0%, and NPV 95.4% (95% CI 95.2-95.6). 25 A study of 178 women in Sweden who were treated for CIN 2 or worse with conization and had cytology, qualitative HPV, and genotyping tests before and treatment were followed at 3, 6, 12, 24, and 36 months posttreatment (Table 1 ). 26 Of the 51 patients with a qualitative pooled HPV-positive result at follow-up, 25 were same-genotype persistent (49%), and 26 were new genotype infections (51%). Posttreatment, qualitative HPV test results predicted CIN 2 or worse with sensitivity of 100% (95% CI 73.6-100), specificity 66.7 (95% CI 57.4-75.1), PPV 23.5% 26 A study of 167 women in Milan who were treated for high-grade CIN and were assessed by cytology and qualitative pooled HPV testing and genotyping pretreatment and at 6 months after LEEP or laser conization reported results in 2019 (Table 1 ). 20 Of the 34 patients with a qualitative pooled HPV-positive result at follow-up, 24 were same-genotype persistent (71%), and 10 were new genotype infections (29% 20 A retrospective study of 672 women in South Korea who had been treated with LEEP for CIN 2 or Table 3 and Fig. 2 ). The specificity for same-genotype persistence was statistically significantly higher than the specificity for qualitative pooled HPV positivity. New HPV genotype infection results predicted CIN 2 or worse with sensitivity of 0% (95% CI 0-9.5), specificity 38.6% (95% CI 24.4-54.5), PPV 0%, and NPV 31.5% (90.6% CI 24.5-40). 24 A case-control registry-based study in Belgium enrolled 21 women with biopsy-proven recurrence of CIN 2 or worse (cases), compared with 42 women without recurrence (controls), with a follow-up period of at least 24 months after treatment of CIN 2 or worse ( Table 1) . 22 HPV testing at 6 months posttreatment was significantly more sensitive compared with follow-up cytology (risk ratio: 1.31; 95% CI 1.10-1.54), but less specific (risk ratio: 0.85; 95% CI 0.81-0.90) to predict treatment failure or recurrence. All women who developed a recurrence tested positive for HPV. Of the 18 patients with a qualitative pooled HPV-positive result at follow-up, 13 were same-genotype persistent (72%), and five were new genotype infections (28%). Posttreatment, qualitative HPV test results predicted CIN 2 or worse with sensitivity of 100% (95% CI 83.9-100), specificity 57.1 (95% CI 41-72.3), PPV 53.9% (95% CI 45.1-62.3), and NPV of 100%. Same-genotype persistence results predicted CIN 2 or worse with sensitivity of 100% (95% CI 83.9-100), specificity 69.1% (95% CI 52.9-82.4), PPV 61.8% (95% CI 50.7-71.7), and NPV 100% ( Table 3 and Fig. 2 ). New HPV genotype infection results predicted CIN 2 or worse with sensitivity of 0% (95% CI 0-16.1), specificity 88.1% (95% CI 74.4-96.0), PPV 0%, and NPV 63.8% (90.6% CI 61.2-66.3). The PPV and NPV of same genotype detection were statistically significantly different from the PPV and NPV of new genotype infection. 22 Risk of bias for each of the seven included studies was assessed by the modified Newcastle-Ottawa scale, with six domains, by four authors individually (F.B., A.D.I., D.S.G., J.C.A.). Majority decision determined the answers; in the event of a tie, a fifth author (M.T.S.) would have voted to resolve, but this was not required. The results are reported in Table 4 .
The overall quality of evidence for the risk estimate outcomes (all included studies) using a modified GRADE methodology for observational diagnostic studies was assessed, and the summary assessment of risk of bias for the individual studies, indirectness, imprecision, inconsistency, magnitude of effect, and whether all plausible confounders or other biases increased confidence in the estimated effect was considered by four authors individually (F.B., A.D.I., D.S.G., J.C.A.). Majority decision determined the answers; in the event of a tie, a fifth author (M.T.S.) would have voted to resolve, but this was not required. The results are reported in Table 5 . For the outcome CIN 2 or worse prediction posttreatment by genotyping (same-genotype persistence or new infection) compared with qualitative HPV, sensitivity and NPV, the overall quality of evidence was adjudged moderate. For the outcome CIN 2 or worse prediction posttreatment by genotyping (same-genotype persistence or new infection) compared with qualitative HPV, specificity and PPV, the overall quality of evidence was adjudged moderate. Further research is likely to have an effect on our confidence in the estimate of risk. Confidence in the risk estimates is constrained by the size individual studies. However, the risk discrimination afforded by genotyping is significantly greater than by qualitative HPV pooled results, and this observed effect is unlikely to change, although the magnitude could be altered by more information from future studies.
The sensitivity of qualitative HPV-positive results and same genotype positive results, posttreatment with known HPV genotype status pretreatment approaches 100% for both tests; however, differences were identified between the two diagnostic approaches for specificity and PPV values ( Table 2 ). The receiver operator characteristic curve in Figure 2 represents the optimal balance (sensitivity vs specificity) for diagnostic capacity (visualized at the curve inflection to identify the discrete balance threshold) and presents diagnostic comparisons between pooled HPV positivity, genotype-specific persistence, and new genotype infection. Relative to the comparator (pooled HPV persistence) genotype-specific persistence results in an inflection point providing better sensitivity and specificity values compared with new genotype infection. When compared directly to pooled HPV persistence, genotype-specific persistence shows a similar AUC. However, the inflection point of the curve for genotype-specific persistence is located to the left of that for pooled HPV persistence (0.85 vs 0.7, respectively), indicating greater PPV with genotype-specific persistence compared with pooled HPV persistence. The PPV for same genotype positive results posttreatment (median 44.4%) is approximately double the PPV (22.2%) for qualitative HPVpositive results ( Table 2 ). The PPV of a new HPV infection posttreatment approximates zero. Pooled HPV persistence, on the other hand, results in 6-8% higher sensitivity at the inflection point compared with genotype-specific persistence. However, as mentioned above and as shown (plotted medians) in Figure 2 , the overall median sensitivity was determined to be 100% for same-genotype persistence and pooled HPV persistence. Clearance of HPV posttreatment, with negative HPV assay results provides a NPV approximating 100% (Table 3 and Fig. 2 ).
DISCUSSION
The seven studies included in this review demonstrated that qualitative HPV pooled results have good clinical utility when following women after treatment for CIN 2 or worse. However, these studies reported that new HPV infection (with clearance of the pretreatment genotypes) accounted for a median of 60% of positive HPV results posttreatment. The risk of CIN 2 or worse after treatment was very low in the case of new HPV infection; zero for five studies, 2.9% 4% is in the risk range for recommending repeat colposcopy and biopsy, and consideration of repeat treatment. 2 The median PPV for new HPV infection (with clearance of the genotypes detected pretreatment) is in risk range for recommending retesting (surveillance without immediate colposcopy). 2 If all HPV positivity after treatment of CIN 2 or worse was the same genotype that was identified pretreatment, there would be no need for genotyping. Because these studies showed that a mean of 50% of HPV detected posttreatment were new HPV infections (range 28-78%) ( Table 2) , there is a role for genotype testing pretreatment and posttreatment in women with CIN 2 or worse.
Within the United States, in 2019, the FDA approved HPV assays are limited to reporting of genotypes 16, 18, and 45. Outside the United States, there are several HPV genotyping assays. The VAL-GENT framework group classified these as qualitative (pooled result for 13-14 oncogenic genotypes); partial or limited genotyping assay (individual reporting of HPV16 and 18 and the remaining high-risk HPV in a group of 12 others); extended genotyping requires the assay to report at least six individual genotypes and the remaining in one or more groups; and full genotyping requires the assay to report all high-risk genotypes individually. 28 HPV genotype reporting pretreatment and posttreatment for women with CIN 2 or worse provides better specificity and significantly improved PPV compared with qualitative HPV pooled assay results, without diminishing sensitivity or NPV (Fig. 2) . Although the areas under the curve (Fig. 2) for qualitative HPV persistence and genotype-specific resistance are similar in this synthesis, certain points should be made before a proper interpretation can be made regarding their comparative ability to discriminate between true and false positive or negative results. First, these results were derived from a small sample size and included analysis with median performance values-therefore a stringent statistical analysis is not possible. Second, the genotype make-up of the qualitative HPV persistence approach was not known; it could have contained a disproportionately high prevalence of high-risk genotypes (eg, HPV 16, 31, or 33) that could lead to CIN 2 or worse lesions relatively early (12-18 months) and therefore do not apply to the persistence aspect of HPV screening that is considered in this systematic review. As discussed above, up to 70% of the qualitative HPV persistence cases in question could have involved same-genotype persistence, which would greatly reduce the hypothesized difference in performance relative to samegenotype persistence.
Limitations of this review include that there were only seven studies, with a total of 1,543 patients, of which 316 had positive HPV results posttreatment for CIN 2 or worse. The results of the seven studies were synthesized, to the degree possible, while retaining and presenting the individual results. The population factors were mildly heterogeneous; the years of study varied; the techniques for treatment likely varied between the six countries. The genotyping test under investigation was different in each of the studies, and only one of the tests had validated clinical cutoffs. The comparator qualitative HPV test differed across the studies. The timing of the follow-up HPV test, and the duration of histopathologic follow-up varied significantly across the studies. Most recent guidelines from Gruppo Italiano Screening Citologico (GISCi) and ASCCP indicate 6 and 12 months, respectively, as the most suitable period for carrying out the first followup visit after treatment of CIN 2 or worse. 29, 30 Taken in total, the elements and degrees of heterogeneity resulted in our judgment that formal meta-analysis would not be appropriate. If performed, metaanalysis would require a Bayesian methodology and several assumptions and inference judgments would be needed. Additional limitations to be considered include that HPV genotyping is an established research test, but a relatively recent clinical assay; availability and access to clinical genotype testing may be limited. Although it is possible that, in future, higher reimbursement could be assigned to HPV assays with genotyping capabilities, in 2019 the reimbursement for genotyping tests is the same as that for qualitative pooled results. The genotyping results are commonly reported in the same run as the HPV qualitative result. Therefore, the cost and resources are the same for qualitative compared with genotyping, but genotyping provides more information to the clinician and the woman. Finally, although not a focus of this systematic review, there are rare cases of premalignant and invasive cervical lesions are related to non-high-risk HPV genotypes, which would not be detected by either qualitative HPV assays with clinical indications, nor genotyping assays with clinical indications. 31 New genotype infection has very low ability to discriminate between true and false screening results; a clear difference in AUC values between new genotype infection and genotype-specific persistence is demonstrated in Figure 2 . In addition, those women with same-genotype persistence posttreatment are at significant risk of CIN 2 or worse and would undergo the same management as for qualitative HPV-positive results. Those women with clearance of the pretreatment genotype and detection of a new HPV genotype infection posttreatment are at a significantly lower risk of CIN 2 or worse, and by the principle of similar management for similar risk, could be managed by repeat testing (either HPV assay or HPV and cytol-ogy), thus avoiding an immediate repeat colposcopy and reducing the risk of over-treatment.
